. Each of these dna gene products has been isolated from both wild-type and temperature-sensitive strains and the thermolability of the temperature-sensitive protein has been demonstrated in the 4X174 DNA-dependent complementation system. As yet, no enzymatic activity has been found associated with dnaG or dnaC(D) gene products. The dnaC and dnaD gene products have been shown to be identical in vitro (16) and in vivo (20); the protein will be referred to here as dnaC(D) gene product. Purified dnaB gene product contains ribonucleoside triphosphatase activity that is stimulated by single-stranded DNA. These triphosphatase activities and dnaB complementing activity copurify over the last 20-fold of a 40,000-fold purification procedure (21). The purpose of this report is to describe the physical and functional interaction of two of these proteins involved in replication, dnaB and dnaC(D) gene products.
Some of the proteins involved in Escherichia coli DNA replication have been defined by temperature-sensitive mutants that do not replicate their DNA at elevated temperatures. The genes that determine these proteins have been designated dnaA (1), dnaB (2) , dnaC(D) (3), dnaE (4) , dnaG (3), dnafH (5), dnaH (6) , dnaI (7), dnaP (8) , lig (9) , and polA (10) . Mutants in dnaE contain thermolabile DNA polymerase III (11, 12) ; lig mutants contain thermolabile DNA ligase (9, 13, 14) ; and polA mutants are temperature-sensitive for growth when they contain thermolabile 5' to 3' exonuclease (exonuclease VI) (15) . Of the other proteins known to be involved in E. coli DNA replication, dnaB, C(D), and G have been isolated using in vitro complementation assays in which protein preparations from wild-type cells stimulate 4X174 DNA- dependent DNA synthesis in heat-inactivated crude extracts of dna temperature-sensitive cells (16) (17) (18) (19) . Each of these dna gene products has been isolated from both wild-type and temperature-sensitive strains and the thermolability of the temperature-sensitive protein has been demonstrated in the 4X174 DNA-dependent complementation system. As yet, no enzymatic activity has been found associated with dnaG or dnaC(D) gene products. The dnaC and dnaD gene products have been shown to be identical in vitro (16) and in vivo (20) ; the protein will be referred to here as dnaC(D) gene product. Purified dnaB gene product contains ribonucleoside triphosphatase activity that is stimulated by single-stranded DNA. These triphosphatase activities and dnaB complementing activity copurify over the last 20-fold of a 40,000-fold purification procedure (21) . The purpose of this report is to describe the physical and functional interaction of two of these proteins involved in replication, dnaB and dnaC(D) gene products.
tation in the 4X174 DNA-synthesizing system. The assay conditions, definitions of units, and purification procedures were described previously for dnaB (19, 21) and dnaC(D) gene products (19, 16 (22) . One unit (U) of ATPase catalyzed the production of 1 ,umol of 32Pi using the above conditions. RESULTS Physical Association of dnaB and dnaC(D) Gene Products. The dnaC(D) gene product was detected (as measured by stimulation in the 4X174 DNA-dependent complementation assay) physically associated with the dnaB gene product (also measured by the OX174 DNA-dependent complementation system) when the two purified proteins were mixed and subjected to gel filtration through BioGel A-5m agarose in the presence of ATP (Fig. 1A) . Incubation of dnaC(D) with dnaB gene product prior to gel filtration was not essential and did not result in an increased amount of dnaC(D) associated with dnaB. Fig. 1B (Fig. 1D) . Furthermore, most of the dnaB activity was excluded from the column; the nature of this aggregation has not been studied, nor has it been demonstrated that it was catalyzed exclusively by the dnaC(D) gene product. In the absence of ATP, dnaB and dnaC(D) gene products alone eluted as they had in the presence of ATP (results similar to those shown in Fig. 1B and C (21) , which, as shown below, dnaC(D) gene product inhibits.
The interaction of dnaB and dnaC(D) gene products depended on the ratio of these two proteins. In the experiment shown in Fig. 1A , half of the dnaC(D) activity recovered was associated with dnaB. With half the amount of dnaC(D) gene product and the same amount of dnaB gene product, all of the dnaC(D) activity was associated with the dnaB activity (Fig. iF) . The following experiment demonstrated that the inhibition of the ATPase associated with dnaB was due to the action of dnaC(D) gene product on dnaB gene product. Fig. 2A shows that ATPase that cosedimented through a glycerol gradient with dnaB activity was inhibited by dnaC(D) gene product. The dnaB complementing activity and ATPase activity were previously shown to copurify over the last 20-fold of 10 20 Timee of Incubation (min) an extensive purification to apparent homogeneity (21) . (24) . Wickner and Kornberg (25) have reported a similar reaction in the presence of copolymerase III* and DNA polymerase III* that requires ATP. reactions. So far the reaction has been resolved into two steps.
Step one requires dnaB and dnaC(D) gene products in addition to DNA binding protein and replication factors X, Y, and Z, ATP, and OX174 DNA, and involves reactions prior to dNMP incorporation; dnaG gene product, DNA polymerase III, and DNA elongation factors I and II are not required during step 1 but are required for dNMP incorporation during the second step after the addition of dNTPs (23) . Recently -we have physically separated these two steps (results to be published elsewhere). Incubation of the components required for step 1 followed by BioGel A-5m gel filtration resulted in the isolation of a complex associated with 4X174 DNA in the excluded volume. The addition of the components required for step 2 to this complex resulted in dNMP incorporation. Analysis of the complex isolated after gel filtration indicated that 25-50% of the dnaB gene product recovered was associated with the OX174 DNA in the excluded volume; the rest was partially included in the gel. In contrast, <5% of the dnaC(D) gene product recovered was associated with the DNA; all detectable activity was associated with dnaB in the partially included volume or free in the fully included volume. Thus, it is possible that the complex of dnaB and dnaC(D) gene products participates in a reaction resulting in the transfer of dnaB to 4,X174 DNA and the concomitant release of dnaC(D) gene product.
